ABSTRACT-Background: High density lipoprotein (HDL) can be readily oxidized in inflammatory conditions and exhibit pro-inflammatory and dysfunctional (Dys-HDL) characteristics. We hypothesize that Dys-HDL may predict adverse outcomes and correlate with inflammatory cytokines in sepsis. Methods: Emergency department (ED) patients with sepsis were enrolled. Blood was drawn at enrollment and after 48 h. Dys-HDL, expressed as HDL inflammatory index (HII), and cytokines were measured. Multivariable logistic regression was used to determine the predictive ability of Dys-HDL for adverse outcomes (death, discharge to hospice, or nursing home). Results: Thirty-five patients were included in the study. HII was not significantly different at baseline or 48 h between patients with adverse outcomes versus those without. However, there was a significant difference in change in HII over the first 48 h between those with adverse outcomes (þ0.21, 95% CI À0.13 to 0.31) versus those without (À0.11, 95% CI À1 to 0.11) (P ¼ 0.025). Logistic regression revealed increasing HII to be an independent predictor of adverse outcomes (OR 5.2, 95% CI 1.1-25.1 P ¼ 0.040). Of the 24 patents with cytokine measurements at both time points, significant inverse correlations between change in HII and change in GRO (r s ¼ À0.52, P ¼ 0.0088) and monocyte chemotactic protein-1 (r s ¼ À0.61, P ¼ 0.0014) concentrations over 48 h were observed. Conclusion: Increasing Dys-HDL concentrations in the first 48 h of sepsis are associated with an ongoing inflammatory response and adverse clinical outcomes. Early changes in HII may be a potential biomarker in ED patients admitted with sepsis.
INTRODUCTION
Sepsis is a costly disease with a high mortality, resulting from a dysregulated host response to an infectious insult (1, 2) . This dysregulation involves early activation of both proinflammatory and immunosuppressive processes (3, 4) , as well as changes in several other biological systems that can lead to organ dysfunction. Furthermore, host and pathogen factors influence susceptibility to sepsis and disease severity which adds variability to the clinical phenotype of sepsis, making it challenging to diagnose.
Importantly, sepsis is a disease for which outcomes are largely predicted by early recognition and treatment, yet one of the greatest barriers to early sepsis management is the paucity of reliable, clinically useful biomarkers. Cholesterol, and in particular high-density lipoprotein cholesterol (HDL-C), is a potent antioxidant that plays a role in defense against infection, and cholesterol levels have been shown to rapidly decline in early sepsis, which implies potential utility as a sepsis biomarker. Chien et al. (5) demonstrated that early HDL-C and apolipoprotein A-I (the main protein constituent of HDL) levels were significantly lower in patients who died of severe sepsis compared with survivors, and that there was an inverse correlation between HDL-C levels and interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFa). In severe communityacquired pneumonia, lower HDL-C and low-density lipoprotein cholesterol (LDL-C) levels were present in intensive care unit (ICU) patients who died compared with survivors (6). Lagrost et al. (7) demonstrated that lower baseline total cholesterol levels were present in patients who developed sepsis after cardiac surgery. Most recently, our group demonstrated that low LDL-C levels were predictive of long-term community-acquired sepsis risk (8) .
The HDL particle potentially plays a protective role in sepsis via several mechanisms including direct binding and disposal of bacterial toxins (9, 10) , suppression of monocyte activation, prevention of macrophage and dendritic cell migration, prevention of the release of inflammatory cytokines (11, 12) , and inhibition of vascular and intercellular adhesion molecule expression (13) . Interestingly, alteration of HDL surface proteins during sepsis may occur by myeloperoxidase (MPO-a pro-oxidant enzyme released by neutrophils) (9, 14) , which can convert HDL to a proinflammatory, dysfunctional state (Dys-HDL) inhibiting its protective properties via direct action on Apo A-I (9, (14) (15) (16) (17) . DiDonato et al. (18) showed that MPO catalyzes the selective nitration and chlorination of tyrosine at the 166 position of Apo A-I under inflammation yielding Dys-HDL. Interestingly, displacement of Apo A-I by serum amyloid A (an acute phase protein) during sepsis was seen in up to 45% of patients at 1 day after admission for sepsis but was reduced to 5% during recovery (19) . This phenomenon remains unexplained, but implies that the inflammatory changes of sepsis may alter HDL structure and function.
Therefore, the objectives of this pilot study were 2-fold: to determine for the first time if Dys-HDL is present in sepsis by measuring Dys-HDL in patients admitted from the emergency department (ED) with sepsis, to determine if change in Dys-HDL is predictive of adverse outcomes, a composite defined as in-hospital death, discharge to hospice, or nursing home, and to measure the correlation between changes in Dys-HDL and proinflammatory cytokine concentrations in the first 48 h of sepsis. The choice of this composite adverse outcome is reflective of the fact that patients who initially survive their sepsis admission may experience poor outcomes other than inhospital death, which may be characterized by physical dependence and reduced quality of life, or death soon after discharge from the hospital (20) . We hypothesize that Dys-HDL will be present early after sepsis and that early changes in Dys-HDL will be predictive of adverse outcomes and potentially correlate with changes in cytokine levels. If these associations can be proven, we believe that a foundation for further investigations of Dys-HDL as a sepsis biomarker may be established.
METHODS

Study setting, design, and patient selection
This was a prospective, observational cohort study of adult patients (age ! 18 years) who presented to the University of Florida (UF) Health Jacksonville ED with sepsis or septic shock and were enrolled within 24 h of sepsis recognition. The UF Health Jacksonville ED is a high acuity, academic, urban ED that treats approximately 95,000 patients per year. The research protocol was approved by the UF College of Medicine, Jacksonville Institutional Review Board (IRB).
Study inclusion criteria were: infection with > 1 SIRS criteria, lactate > 2 mmmol/L, and sequential organ failure assessment (SOFA) score ! 4, and sepsis as the primary diagnosis for admission. Septic shock was defined as hypotension not responsive to at least 30 mL/kg intravenous fluids. Exclusion criteria were: pregnancy, lack of valid consent, familial or genetic disorders of lipid metabolism, active seizure, cardiopulmonary resuscitation prior to enrollment. Patients meeting study criteria were approached for enrollment and consent was obtained as per IRB requirements.
Measurements and interventions
Prospective data collection occurred at enrollment and 48 h from enrollment. Enrollment data included age, sex, race, place of residence, comorbidities (diabetes mellitus, chronic obstructive pulmonary disease, end-stage renal disease, human immunodeficiency virus status, active cancer, organ transplant), lactate levels, SOFA score, triage and enrollment vital signs, timing of antibiotics, volume of intravenous fluids administered in the first 6 and 24 h, vasopressor use and duration, mechanical ventilation use, central venous pressures, urine output in the first 6 h, suspected source of infection, familial disorders of lipid metabolism, statin use, admission disposition, hospital length of stay (LOS), and ICU LOS. At 48 h, repeat clinical assessments were performed including repeat vital signs, hemodynamic and ventilator requirements, and SOFA score. Glasgow Coma Scale scores were assessed prospectively at both time points. Chart reviews after enrollment were performed to confirm source of infection and sepsis diagnosis, culture results, ICU, and hospital length of stay (LOS), and outcome and discharge disposition (death, nursing home, hospice, rehabilitation facility, or home).
Blood sampling occurred at baseline and 48 h and included total cholesterol levels, HDL-C, LDL-C, triglycerides, laboratory tests for SOFA score calculation, serum for Dys-HDL testing, and plasma for inflammatory cytokines. At both time points serum and plasma samples were obtained, processed, and frozen at À808C until further testing. The study protocol required blood to be drawn within 4 h of planned collection times.
Dys-HDL was quantitated using a cell-free assay (CFA) and expressed as HDL inflammatory index (HII). The cell-free assay for Dys-HDL requires HDL isolation from blood samples using dextran sulphate precipitation. LDL, necessary for the cell-free assay, was prepared from a normal donor and aliquotted and cryo-preserved in sucrose. Dichlorofluorescein-diacetate was dissolved in fresh methanol at 2.0 mg/mL, incubated at room temperature with the control LDL and the sample HDL. Oxidation of LDL resulted in the release of dichlorofluorescein which was quantitated with an excitation wavelength of 485 nm, emission wavelength of 530 nm, and cutoff of 515 nm. The ability of sample HDL to protect LDL from oxidation was quantitated by the decline in fluorescence. The HII, used to quantitate Dys-HDL, was calculated by normalizing the CFA values obtained for LDL alone as 1.0. If addition of a test HDL along with LDL resulted in an HII of 1.0 or greater, the test HDL was classified as pro-inflammatory (Dys-HDL). Conversely, if addition of a test HDL to LDL resulted in a HII of less than 1.0, the test HDL was classified as antiinflammatory. Values for intra-assay and inter-assay variability are 5.3 AE 1.7% and 7.1 AE 3.2%, respectively (21) .
The following plasma cytokine concentrations were measured using the Luminex Â MAP multiplex assay: growth-related oncogene (GRO), IL-6, interferon gamma-induced protein -10, monocyte chemotactic protein-1 (MCP-1), IL-10, TNF-a, and interferon gamma.
Outcomes and data analysis
Adverse outcome was the primary outcome of the study, as defined by inhospital death, or discharge to a nursing home or hospice. Univariate analyses of multiple covariates were performed using Student t test for numerical, normally distributed data, Wilcoxon rank-sum for numerical, non-normally distributed data, and Fisher exact test for categorical data. These included patient demographics, physiological parameters, interventions, features of sepsis, and comorbidities and were used to derive a multivariable logistic regression model predictive of adverse outcome. Candidate variables were chosen from univariate analyses, and backward elimination using P values of 0.15 or less was used to inform the choice of predictor variables for the final regression model. To avoid over-fitting, given the relatively low number of primary outcomes (adverse outcomes or ICU stay ! 3 days) in the sample, we limited the number of independent variables to the two most significant (22) . Spearman correlations were used to determine the correlation between change in HII (Dys-HDL) to change in each cytokine over 48 h. Because this was based on preliminary pilot data from a larger study, a formal sample size justification and power calculation were not performed.
RESULTS
The demographics, clinical features, and outcomes of the 35 study patients are depicted in Table 1 . Mean age was high at 64 years (SD 14); 57% were males and 60% were black. The majority (77%) were initially admitted to the ICU with median ICU stay of 4 days (IQR 1-8). Fifty one percent met the prespecified designation of adverse outcome, and 49% did not. Comparisons between these groups are presented in Table 2 . There was a trend toward increased age in the adverse outcome group, but there were no differences in other demographics, comorbidities, sources of sepsis, early physiologic parameters, or initial SOFA score. Initial management was similar with the exception that significantly more adverse outcome patients required mechanical ventilation (P ¼ 0.026). Table 3 depicts Dys-HDL expressed as HII as well as HDL and LDL levels at enrollment and at 48 h by outcomes. There was no significant difference in HII values at baseline (P ¼ 0.70) versus 48 h (P ¼ 0.09). There was, however, a significant difference in the change in HII over the first 48 h between patients with adverse outcomes (Z ¼ 0.38, P ¼ 0.025) compared with the rest of the cohort. Patients experiencing adverse outcomes had an overall increase in median HII levels over the first 48 h of admission (þ0.21, IQR À0.13 to þ0.31) in comparison with those not experiencing the adverse outcome (À0.11, IQR À1.0 to þ0.11). Finally, statin use did not influence change in HII over 48 h (P ¼ 0.74).
A multivariable logistic regression model revealed change in HII to be an independent predictor of adverse outcome (OR 5.2, 95% CI 1.1-25.1 P ¼ 0.040), though age was not predictive of outcome (OR 1.06, 95% CI 0.99-1.12, P ¼ 0.054). The relationship between baseline, 48 h and change in HII with adverse outcome is displayed graphically in Figure 1 . Values for HDL and LDL cholesterol were also analyzed. Interestingly, patients experiencing an adverse outcome had a significant drop in LDL (mean À6.0, SD 4.2) at 48 h compared with the rest of the cohort (mean 13.0, SD 7.2, P ¼ 0.027).
There were 24 patents with results for both Dys-HDL and inflammatory cytokines at both time points. There were significant inverse correlations between the change in HII and plasma GRO (r s ¼ À0.52, P ¼ 0.0088), as well as change in MCP-1 (r s ¼ À0.61, P ¼.0014) concentrations over the 48 h of the study period. There were no other significant correlations between change in HII and inflammatory cytokines (Table 4) .
DISCUSSION
In this pilot study of adult patients with sepsis, Dys-HDL was not only present sepsis but increasing Dys-HDL over the first 48 h was predictive of adverse outcomes. Change in HII over the first 48 h was also significantly inversely correlated with changes in inflammatory cytokines GRO and MCP-1. These findings indicate that Dys-HDL may play a role in predicting clinical outcomes in patients with sepsis.
The pathophysiologic significance of changes in cholesterol which occur during the early phase of sepsis is not fully understood. Rapid drops in both HDL and LDL cholesterol have been reported in previous studies (5-7), and our group recently demonstrated that low LDL is a risk factor for longterm community-acquired sepsis (8) . Similarly, in this study, patients with adverse outcomes experienced more severe drops in LDL. There may be several reasons for early drops in lipid concentrations during sepsis. First, both LDL and HDL are central to clearance of bacterial toxins from the blood stream. Thus, increased LDL transport to the liver via HDL in a physiologic effort to clear bacterial toxins may result in an acute reduction in both HDL and LDL levels. HDL also facilitates transfer of cholesterol esters to the adrenal glands for the production of endogenous corticosteroids under stress (sepsis) via scavenger receptor BI (23, 24) . Both these processes may result in acute reductions in serum lipid levels. Therefore, the severity of the drop in HDL or LDL may be indicative of sepsis disease severity, which may explain why patients with lower baseline levels are predisposed to sepsis as their capacity to recover from sepsis may be impaired.
Our central hypothesis is that structural changes in HDL which occur under inflammatory stress may lead to impaired HDL function, resulting in pro-inflammation and loss of HDL's protective functions. Our hypothesis is overall supported by this study, which is the first to demonstrate that Dys-HDL is not only present in sepsis but is associated with adverse outcomes when levels increase during early sepsis.
The results of this study may have important implications for future potential sepsis therapies. Apolipoprotein mimetic peptides (AMPs) are short synthetic peptides that are often based on Apo A-I, the main protein constituent of HDL. One of the most studied AMPs, the 4-F peptide, derived from an 18 amino acid peptide has been tested in clinical trials, but not specifically for sepsis (25) (26) (27) . Kwon et al. (28) demonstrated that L-4F improved survival in septic mice with endotoxemia and attenuated histologic damage in lung tissue. This improvement was accompanied by higher levels of HDL cholesterol and lower lung myeloperoxidase enzyme activity. Myeloperoxidase has been shown to be the possible culprit for the alteration of Apo A-I structure which causes Dys-HDL; however, importantly, L-4F is resistant to alteration by myeloperoxidase (15, 29) . Sharifov et al. (30) also demonstrated that L-4F inhibited lipopolysaccharide toxin activity in white blood cells from human patients with sepsis-induced acute respiratory distress syndrome. They also showed that L-4F administered intravenously significantly reduced lung and liver injury as well as mortality in a rat model of sepsis (31) . Other HDL-based therapies include reconstituted HDL which have been shown to result in atherosclerosis regression in cardiac patients (32) and reduction in monocyte CD11b expression, neutrophil adhesion, intercellular and vascular adhesion molecule-1 expression in endothelial cells (33) . The study of the relationship between HII and inflammatory cytokines in this study was informative and warrants additional study. Interestingly, inverse correlations between Dys-HDL and GRO and MCP-1 were observed over time. This finding may be explained by the possibility that Dys-HDL is a more accurate prognosticator of ongoing inflammation, and that persistent Dys-HDL elevation indicates that the state of inflammation has not yet resolved despite reductions in cytokine levels. It may also indicate a transition from acute to chronic inflammation, and that Dys-HDL may play a role in ongoing inflammation that leads to long-term organ dysfunction and chronic critical illness. Therefore, Dys-HDL may have promise in predicting outcomes after sepsis or in identification of patients susceptible to treatment with novel lipidbased therapies. Future studies are needed to elucidate the role of Dys-HDL as either a novel biomarker or an indicator of potential response to novel therapies.
This study had several limitations. First, it is a small pilot study, and it is likely that potential associations were not observed which may have been evident in a larger study. Second, as there were only four patients who died, the study was underpowered to assess death as the primary outcome. While this is an important outcome that will be investigated in future work, it is our belief that sepsis trials should have a change of focus from 28-day mortality to longer-term outcomes including long-term death (90 days or greater) and physical dependence after discharge.
CONCLUSION
In this study, we have demonstrated that Dys-HDL is present in sepsis and may be predictive of adverse outcomes from sepsis. This study has important implications for novel lipidbased therapies for sepsis. Future work should focus on elucidating the mechanisms by which Dys-HDL may potentiate adverse outcomes in sepsis and clinical trials of novel lipidbased therapies. Dysfunctional high-density lipoprotein (Dys-HDL) expressed as HDL inflammatory index (HII). Significant P values are in bold. GRO indicates growth-related oncogene; IFN-g, interferon gamma; IL-6, interleukin-6, IL-10, interleukin-10; IP-10, interferon gamma-induced protein; MCP-1, monocyte chemotactic protein-1; TNF-a, tumor necrosis factor alpha.
